Nitrogen fertilizers were applied to turfgrass: 1) urea, high rate (UH; 250 kg N ha -1 yr -1 ); 2) urea, low rate (UL; 50 kg N ha -1 yr -1 ); and 3) ammonium sulfate, high rate (AS; 250 kg N ha -1 y -1 );
Nitrogen fertilizers were applied to turfgrass: 1) urea, high rate (UH; 250 kg N ha -1 yr -1 ); 2) urea, low rate (UL; 50 kg N ha -1 yr -1 ); and 3) ammonium sulfate, high rate (AS; 250 kg N ha -1 y -1 );
high N rates were applied in five split applications. Soil fluxes of N 2 O were measured weekly for one year using static surface chambers and analyzing N 2 O by gas chromatography. Fluxes of N 2 O ranged from -22 μg N 2 O-N m -2 h -1 during winter to 407 μg N 2 O-N m -2 h -1 after fall fertilization. Nitrogen fertilization increased N 2 O emissions by up to 15 times within three days although the amount of increase differed after each fertilization; increases were greater when significant precipitation occurred within three days after fertilization. Cumulative annual emissions of N 2 O-N were 1.65 kg ha -1 in UH, 1.60 kg ha -1 in AS, and 1.01 kg ha -1 in UL. Thus, annual N 2 O emissions increased 63% in turfgrass fertilized at the high compared with the low rate of urea, but no significant effects were observed between the two fertilizer types. Results suggest that N-fertilization rates may be managed to mitigate N 2 O emissions in turfgrass ecosystems.
N 2 O fluxes in turfgrasses including under various forms of land management (e.g., fertilization, irrigation, turfgrass species). Obtaining these data may be a first step in the development of best management practices in turfgrass that may mitigate the greenhouse effect by reducing effluxes of N 2 O, which has about 300 times the warming power of CO 2 (IPCC 2001) .
Fluxes of as much as 7,528 μg N 2 O-N m -2 h -1 have been reported in perennial ryegrass (Lolium perenne L.) after N fertilization (Ryden 1981; Maggiotto et al. 2000) . Maggiotto et al. (2000) determined that fertilizer type had significant effects on N 2 O fluxes, with urea-based fertilizers resulting in lower N 2 O emissions than other fertilizer types. Conversely, fertilizer type had no impact on N 2 O emissions from a sward of Kentucky bluegrass (Poa pratensis L.) (Bergstrom et al. 2001) . Others have reported that soil temperatures of 30 o C or higher coupled with saturated soil conditions increased denitrification rates in Kentucky bluegrass sod (Mancino et al. 1988 ); greater denitrification rates typically result in higher N 2 O emissions (Firestone and Davidson 1989) . Irrigation with as little as 5 mm of water increased emissions of N 2 O markedly in a closely mown, mixed-grass sward of ryegrass and paspalum (Paspalum dilatatum Poir.) (Denmead et al. 1979) . In another study, annual emissions of N 2 O-N were estimated at 2.4 kg ha -1 from Kentucky bluegrass (Kaye et al. 2004 ).
Fluxes of N 2 O from the soil surface originate primarily from the processes of nitrification and denitrification in the soil ( Fig. 1 Other factors not discussed here may also affect nitrification and denitrification rates (e.g., physical properties of soils, temperature, pH). A comprehensive discussion of these factors was not included for the sake of brevity and because this study focused on the effects of N fertilization on N 2 O fluxes. More complete descriptions of these factors and how they impact nitrification and denitrification are available from a number of sources (Firestone and Davidson 1989; Myrold 2004) .
In this study we measured N 2 O emissions from turfgrass fertilized with two rates of urea and one rate of ammonium sulfate. The specific objectives of this study were to determine: 1) the magnitude, seasonal patterns, and cumulative annual emissions of N 2 O_N fluxes in a turfgrass ecosystem; 2) the effects of a high and a low N-fertilization rate of urea on N 2 O fluxes; and 3) the effects of two N-fertilizer types, urea and ammonium sulfate, on N 2 O fluxes.
MATERIALS AND METHODS
The field study was conducted from 3 October (DOY 276) After fertilizations, plots were irrigated with about 15 mm of water to incorporate fertilizer into the soil and reduce ammonia volatilization (Bowman et al. 1987) . Plots were irrigated one to three times weekly or as needed to prevent drought stress. Irrigation applications
were measured with in-line flow meters (Model FTB6205, Omega Engineering, Stamford, CT).
Plots were mowed once or twice weekly as needed at a height of 7.5 cm with a walk-behind rotary mower. 
Measurements of nitrous oxide fluxes
Soil-surface N 2 O fluxes were measured by placing static, vented poly-vinyl chloride (PVC) chambers (7.5 cm high x 20 cm dia) using the method described by Hutchinson and Mosier (1981; Mosier et al. 1991 Mosier et al. , 1997 Kaye et al. 2004) . Using this method, temperatures inside the chambers were assumed to be equivalent with ambient air temperatures measured at a nearby weather station. Ambient temperatures inside the chambers were preserved by constructing them with white PVC and by placing highly reflective aluminum foil tape on the outside of the chambers to reflect radiation away from the chamber. In this study, gas was not mixed mechanically inside the chambers. In general, thermal buoyancy and/or external turbulence-induced pressure fluctuations support uniform mixing of the chamber head space and furthermore, mechanical gas mixing may be undesirable because it may artificially enhance gas exchange rates (Hutchinson and Livingston 2002) .
Permanent PVC collars were placed randomly at one location in each plot and were driven approximately 8 cm into the soil. On measurement days, chambers were installed on the collars and gas samples from inside the chambers were removed with 12-ml polypropylene syringes fitted with nylon stopcocks at 0, 30, and 60 min. Gas samples were transported to the lab and analyzed by a gas chromatograph (Shimadzu GC14B, Shimadzu Scientific Instruments, Columbia, MD) equipped with a Porapak Q column (3.175 x 10 -3 m diam. x 1 m, 80/100 mesh) and an electron capture detector. Gas samples were always analyzed on the same day as collected, and generally within 6 hours. Fluxes were calculated as described by Hutchinson and Mosier (1981) and Mosier et al. (1991) .
The sampling frequency in the field was generally once weekly although measurements were more frequent after fertilizations to capture transient peaks in N 2 O fluxes (Christensen 1983; Sexstone et al. 1985) . Fluxes were not sampled during one 35-day period in late January through mid February (DOY 20-55, 2004) , however, when snow cover prevented the measurement of fluxes. Gas samples were usually collected from 0700 to 1100 CST on each measurement day to reduce the impact of diurnal variations in N 2 O emissions (Blackmer et al. 1982; Christensen 1983; Goodroad and Keeney 1984) .
Ancillary Measurements
Soil properties, soil temperature, volumetric soil water content, and periodically, NH 4 + and NO 3 -and aboveground biomass production were measured to evaluate their relationships with N 2 O emissions. Soil properties, including pH, texture and bulk density, were measured in the 0 to 10, 10 to 20, and 20 to 30 cm profiles (Table 1) . Ammonium and nitrate concentrations in the 0-10 cm profile were measured intensely on 4 days during the growing season, concurrent with N 2 O flux measurements (DOY 147, 174, 202, and 216, 2004 Soil water filled porosity (WFP) and temperature at 5 cm were measured automatically using the DPHP technique (Campbell et al. 1991; Tarara and Ham 1997; Song et al. 1998 ).
Sensors were fabricated in the laboratory as described by Basinger et al. (2003) and Bremer (2003) . Measurements of WFP were logged once daily at 0600 CST and soil temperatures were logged every 60 min. All data acquisition and control were accomplished with a micrologger and accessories (CR10x and one AM16/32, Campbell Scientific, Logan, UT 
Data analysis
Nitrous oxide flux data from each plot on each measurement day were evaluated to ensure fitness and flux rates were then calculated. 
RESULTS AND DISCUSSION

Fluxes from fall 2003 through spring 2004
Fluxes of N 2 O-N increased by five to 15 times in UH and AS plots within three days after fertilization in the fall of 2003 (Fig. 2) and were the highest observed in the year-long study; 36 mm of rainfall two days after fertilization likely contributed to the higher fluxes (Sexstone et al. 1985; Clayton et al. 1994) . Peak fluxes were measured three days after fertilization at 407 μg N 2 O-N m -2 h -1 in UH and were comparable to N 2 O-N fluxes measured in fertilized crops and grasslands (Mosier et al. 1991; Clayton et al. 1994; Kaiser et al. 1998; Webb et al. 2004 ).
Increases in N 2 O fluxes are not unusual after fertilization in crops or grasslands (Mosier et al. 1991; Clayton et al. 1994; Webb et al. 2004) although no change or even negative fluxes have been observed after N fertilizations (Maggiotto et al. 2000; Webb et al. 2004 ).
Fluxes decreased rapidly after peaking and generally began to level off after about 1 to 2 weeks, which is similar to the duration of increases in N 2 O emissions observed after N fertilization in other grassland or turf studies (Ryden 1981; Christensen 1983; Bergstrom et al. 2001 ). Fluxes were significantly higher in UH than in AS (DOY 280) and UL (DOY 283) (Fig. 2), and cumulative fluxes in the week following fertilization were significantly higher in UH than in UL (data not shown).
Later in the fall of 2003, fluxes again increased in UH and AS after N fertilization in those plots (Fig. 3A) . Four days after fertilization (DOY 322), fluxes were significantly higher in UH and AS than in UL, and peaked at 68 and 55 μg N 2 O-N m -2 h -1 in UH and AS, respectively.
With the exception of the increase after N fertilization, N 2 O fluxes generally decreased among treatments during the fall and early winter of 2003 (DOY 301 to 357) following the trend of soil and air temperatures (Fig. 3B) . On DOY 346, fluxes were negative for the first time and were the largest negative fluxes observed during the study; greatest negative fluxes were -22 μg On DOY 55, N 2 O fluxes were positive in AS but differences were not statistically significant among treatments (Fig. 3) . The higher average flux in AS on DOY 55 resulted from a high flux rate in only one plot, which indicates large spatial variability of N 2 O emissions from the soil as reported by other researchers (Parkin 1987; Clayton et al. 1994; Bergstrom et al. 2001) .
After N fertilization in UH and AS on DOY 86, 2004, N 2 O fluxes increased among plots including in UL which were not fertilized ( Fig 3A) . The increase in UL was likely caused by an increase in soil water content from 38 mm of precipitation in the 2 days after fertilization ( Fig.   3C ) ( Denmead et al. 1979; Sextone 1985) . Precipitation also may have caused additional increases in N 2 O fluxes in UH and AS and thus, amplified or confounded the effects of N fertilization (Clayton et al. 1994) . Fluxes of N 2 O were generally higher in fertilized than in unfertilized plots during a 25 day period after fertilization although fluxes in AS were significantly lower than in UH on 2 of the 5 measurement dates during that period. Significant differences remained among treatments on DOY 111, which was more than 3 weeks after N fertilization.
Fluxes during summer 2004
During the summer of 2004, N 2 O fluxes again increased markedly after N fertilization on DOY 128 (Fig. 4A ). Four days after fertilization, fluxes of N 2 O had increased in all treatments including in UL, which was not fertilized at that time. As in the earlier situation (after N fertilization on DOY 86, Fig. 3 ), 24 mm of precipitation 3 d after fertilization (DOY 131) increased soil moisture (Fig. 4C) (Fig. 3A) , after fertilization of only UH and AS. On neither of these occasions was precipitation a factor.
However, post-fertilization irrigations that were applied to all plots including UL may have contributed to the slight increases in N 2 O emissions in UL (Denmead et al. 1979; Sextone et al. 1985) .
Correlations were significant but weak between N 2 O fluxes and soil NO 3 -(r=0.52; P<.0001) and non-significant between N 2 O fluxes and NH 4 + (data not shown). Low correlations between N 2 O fluxes and soil NH 4 + and NO 3 -have been reported by others and some have suggested that N 2 O emissions may be more related to soil N turnover rates than to mineral N pool size (Schimel et al. 1989; Davidson and Hackler 1994; Matson and Vitousek 1990) . Mosier et al. (1996) found low correlations between N 2 O fluxes and soil N concentrations and reported that because N 2 O production is determined by complex interactions among soil N concentration, water, temperature, etc., direct correlations between N 2 O fluxes and any one of these variables was typically low.
Aboveground biomass production (clippings), which indicates the availability of organic C that is an important controller of denitrification, also was not a strong indicator of N 2 O fluxes (data not shown). Clippings were significantly less in UL than in UH and AS on all measurement dates except for the first (DOY 148) and yet N 2 O fluxes were only significantly lower in UL in three out of 15 days when fluxes were measured between DOY 118 and 244.
Annual fluxes of nitrous oxide and comparisons to other ecosystems
Cumulative annual emissions of N 2 O-N were 58 and 63% greater in UH and AS, respectively, than in UL (Fig. 5 ). Cumulative emissions of N 2 O-N were 1.65 kg ha -1 yr -1 in UH, 1.60 kg ha -1 yr -1 in AS, and 1.01 kg ha -1 yr -1 in UL; annual N 2 O emissions were significantly greater from UH than UL. Thus, although transient differences between weekly fluxes in UH and AS were observed during the study, differences in annual N 2 O emissions between UH and AS were not significant indicating fertilizer type had no effect on N 2 O emissions in this study.
Over the year, an equivalent of approximately 0.65% in UH and AS and 2.02% in UL of annually applied N fertilizer was emitted into the atmosphere during the 1-yr study. These results are similar to the 2.2% of added N fertilizer emitted into the atmosphere as reported in the only other experiment where annual N 2 O emissions were measured in turfgrass ecosystems (Kaye et al. 2004 ). In the latter experiment, annual N 2 O emissions in turfgrass were comparable to emissions in irrigated corn, and were 10 times greater than in native grassland and wheat-fallow soils.
slightly negative (Fig. 3A) (Mosier et al. 1991 (Mosier et al. , 1996 . Dobbie et al. (1999) reported annual emissions in cut ryegrass in Scotland that ranged from 1.9 to 18.4 kg N 2 O-N ha -1 yr -1 over a 3-year period. In their study, significant interannual variation in N 2 O fluxes resulted from the same field; because the field was not irrigated, wet and dry periods were responsible for most of the variation.
Emissions of N 2 O ranged from 1.5 to 7.8 kg N 2 O-N ha -1 yr -1 in grass, barley, and fallow in agricultural mineral soils in the boreal region (Syvasalo et al. 2004 ) and were 11.2 kg N 2 O-N ha -1 yr -1 in a fertilized grassland in Germany where N turnover rates were rapid (Tilsner et al. 2003) .
Annual emissions as high as 56 kg N 2 O-N ha -1 were reported from rye cropland in peat soils in Germany (Flessa et al. 1998) and from long-term, manured agricultural soils in Canada (Chang et al. 1998) where pH was low and groundwater levels were high.
Estimates of annual N 2 O emissions in this study also were comparable to annual N 2 O emissions from a number of cereal crops, sugarbeets (Beta vulgaris L.), potatoes (Solanum tuberosum), and linseed (Linum usitatissimum), which never exceeded 2 kg N 2 O-N ha -1 yr -1 in a 6-yr study in the United Kingdom (Webb et al. 2004 ). However, emissions in the current study were lower than fluxes in rice, cotton, and vegetable croplands in the United States (6.5-8.4 kg N 2 O-N ha -1 yr -1 ; Mummey et al. 1998) , from maize in Germany (3.9 to 8.7 kg N 2 O-N ha -1 yr -1 ; Sehy et al. 2003) , and from onion cropland in Japan (15.6 kg N 2 O-N ha -1 during the growing season; Kusa et al. 2002) where soil water content was high and N-fertilizer was applied at a higher rate than this study. Annual emissions in the current study were also lower than in fallow agricultural organic soils in the boreal region (23.5 kg N 2 O-N ha -1 yr -1 ; Maljanen et al. 2004) ;
high fluxes in the latter study were from wet, N-fertilized, bare soils where the absence of plants resulted in higher soil NO 3 -concentrations. 
CONCLUSIONS
